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A C C E P T E D M A N U S C R I P T
Introduction
Nuclear receptors (NRs) are a family of transcription factors that bind and respond to certain small lipophilic compounds, e.g., steroid hormones. Despite the many differences in the amino acid sequences of different NRs, the overall molecular structures of NRs are largely similar. Most of characterized NRs share a common structural organization consisting of at least four distinct functional domains [1] . There are two highly conserved well-folded domains of well-known structures as well as variable, often disordered domains of different lengths and amino acid compositions. The intrinsically disordered domains seem to be dominant regulators of NR activation and activity in general. The first evolutionarily conserved domain is a DNA-binding domain (DBD) [2] . This domain contains two zincfinger modules that allow the DBD to bind to specific response elements (REs) [3] . The second conserved domain is a ligand-binding domain (LBD), which is responsible not only for recognition of specific ligands but also for interactions with modulators, such as coactivators and corepressors, and this domain participates in homo-and heterodimerization of NRs [4] . The overall LBD fold comprises up to 12 α helices and often one  turn [5] . As has been shown for the RXR-α LBD, three of the central helices form a ligand-binding pocket (LBP), whereas the last helix is mobile. After the ligand binds in the LBP, the movement of the last helix leads to the formation of activation function 2 (AF-2), which in turn A C C E P T E D M A N U S C R I P T provokes the dissociation of corepressors and association of coactivators [5] . An intrinsically disordered region (IDR) D is localized between the DBDs and LBDs. This region serves as a flexible hinge connecting these two folded domains, and in some NRs, this region contains a nuclear localization signal [4] . One of the most puzzling domains of NRs, in addition to the F domain, is the N-terminal domain (NTD). There are numerous papers describing the molecular properties of the DBD and LBD [2, [5] [6] [7] [8] .
However, very little is known about the structure-function relationship of the NTD. The structures of NTDs are often predicted to be highly disordered [9, 10] , and in general, substantial differences in the sequences and lengths of the polypeptide chains of various NRs and various isoforms of the same NRs are characteristic features of NTDs [4, 11] . The variability in the length and structural flexibility of the NTD are important for temporal interactions with either NR coregulators or multi-protein assemblies [12] . NTDs are known to interact with the C termini of NRs when the NTD possesses an FxxLF motif, which is similar to the LxxLL motif of coactivators interacting with AF-2 [13] . However, an in-depth study of the mineralocorticoid receptor (MR) revealed that the NTD of this receptor does not contain an FxxLF or LxxLL motif, and yet, N/C interaction is observed in the presence of a ligand [14] . As a result of alternative splicing, different isoforms of NRs are generated, which are often characterized by different spatial and temporal distributions within various cells. For example, alternative splicing gives rise to several isoforms of the glucocorticoid receptor (GR), which are characterized by different activities in a cell-dependent manner [15] . However, these studies were conducted on vertebrate NRs; when we consider insects, which are usually less complex organisms and are therefore studied as model organisms, the scope of knowledge regarding NTDs in these organisms is even smaller. This lack of knowledge might be due to the lengths of invertebrate NTDs, which are usually shorter and are therefore often difficult to study. Nevertheless, some observations have been made, for example, complex analyzes of ecdysone receptor (EcR) isoforms revealed that they have different NTDs, resulting in different spatial and temporal distributions of these isoforms within various tissues, which in turn leads to different developmental functions. More precisely, it has been suggested that the NTD of isoform A is a weaker transactivator than that of isoform B1 of the Drosophila melanogaster EcR [16] . A study of the isolated NTD of the Ultraspiracle (Usp) NR from Aedes aegypti clearly showed that this domain is intrinsically disordered, and this study also suggested an important role for the NTD in the dimerization process of this receptor [17] .
Usp is a member of the NR family and is homologous to the mammalian retinoid X receptor (RXR) [18] . Usp is involved in the regulation of essential developmental processes, such as metamorphosis or molting, in arthropods [19] . Similar to RXR, which interacts with a variety of other proteins, the interaction of Usp with different proteins has also been demonstrated, e.g., with hormone receptor 38 (HR38) or the Seven-up protein [20, 21] . However, the most prominent partner of Usp is EcR. In response to high concentration of 20-hydroxyecdysone (20E), these two NRs form a functional heterodimeric complex and activate the transcription of crucial genes involved in metamorphosis [22] .
Various isoforms of Usp differ mainly in the NTD sequence, which often leads to specific differences A C C E P T E D M A N U S C R I P T in the functions of these isoforms, as was shown for the Usp from Bombyx mori or A. aegypti [23, 24] .
It seems to be essential to understand the role of NTD as a factor that defines in a specific way the structures of Usp isoforms, leading to differences in the functions of the isoforms. Theoretically, this role may be implemented in two ways. First, in what seems to be an obvious manner, the NTD might exhibit extrinsic functionality, for example, by directly interacting with regulatory proteins. Second, in a less obvious manner, intrinsically disordered NTDs may influence the molecular properties and in turn the functions of the remaining Usp domains that possess well-defined, stable tertiary structures. We decided to experimentally investigate this second possibility by testing the potential role of the NTD in Usp dimer formation and in the interaction of Usp with specific REs. We chose to carry out our experiments using Usp isoform 1 from Helicoverpa armigera (HaUsp) (ACD74808.1), which along with D. melanogaster, A. aegypti and B. mori serves as a good model to study arthropod NRs. First, we obtained homogenous samples of full-length HaUsp and HaUsp lacking the NTD (HaUsp_NTD), and subsequently, we investigated the dimerization capability of both forms. Numerous analyses with techniques such as analytical ultracentrifugation (AUC), size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) or small-angle X-ray scattering (SAXS) have shown undisputedly that an intrinsically disordered NTD is indispensable for effective dimerization of HaUsp.
Using electrophoretic mobility shift assay (EMSA), we also showed that the protein-DNA interaction patterns of full-length HaUsp and HaUsp_NTD differ significantly. Moreover, the specific complexes formed by HaUsp seem to be less stable than the complexes formed by HaUsp_NTD under the conditions used for EMSA. Thus, the intrinsically disordered NTD, composed of 58 residues, significantly influences the DNA-binding properties of HaUsp. Molecular models reconstructed from SAXS data indicate that HaUsp dimers are most likely stabilized by scorpion-like structures of NTDs, which bend toward the respective LBDs. This proximity of NTDs and LBDs in scorpion-like structures may result in the interaction of these domains, possibly leading to rearrangement of the LBD structure and in turn to the ability of full-length HaUsp to form dimers with increased stability. Apparently, in the scorpion-like structure, some changes occur also in the DBD, which in turn results in effects on the interaction mode of the protein with specific DNA sequences. Thus, the intrinsically disordered NTD is an indispensable element that controls the molecular properties of HaUsp.
Materials and methods

Buffer compositions
All buffers were prepared at room temperature. The lysis buffer contained 20 mM Na2HPO4 and 150 mM NaCl (pH 7.0). Buffer A contained 50 mM Na2HPO4, 300 mM NaCl, 5 mM imidazole, 5% (v/v) glycerol, and 1 mM -mercaptoethanol (pH 7.0). Buffer B contained 50 mM Na2HPO4, 300 mM NaCl, 200 mM imidazole, 5% (v/v) glycerol, and 1 mM -mercaptoethanol (pH 7.0). Buffer C contained A C C E P T E D M A N U S C R I P T 50 mM Na2HPO4 and 150 mM NaCl (pH 7.0). Buffer D contained 50 mM Na2HPO4, 100 mM NaCl, 10% (v/v) glycerol, 0.5 mg/ml ovalbumin, and 1 mM -mercaptoethanol (pH 7.8).
Construction of expression vectors
A cDNA clone encoding the full-length HaUsp (isoform 1) (EU526832.1) was obtained from GeneArt Life Technologies. The ordered sequence was previously optimized for Escherichia coli and flanked with restriction sites: BamHI at the beginning and HindIII at the end. The obtained plasmid containing the DNA sequence was double-digested with BamHI and HindIII and ligated into the corresponding sites of the pQE-80L (Qiagen) vector. The same cDNA was used to obtain HaUsp lacking the 58 amino acids of the NTD (HaUsp_ΔNTD). First, by PCR, the correct insert was obtained. The reaction was prepared according to the manufacturer's instructions for Phusion polymerase (Thermo Fisher Scientific), and the primers are listed in Table 1 . Then, the PCR product was double-digested with BamHI and HindIII and ligated into the corresponding sites of the pQE-80L vector. Sequences of the purified constructs were verified by DNA sequencing. 
Expression and purification procedures
For efficient expression, 200 ml of LB medium containing antibiotics (35 g/ml chloramphenicol and 50 g/ml carbenicillin) was inoculated with E.coli strain BL21(DE3)pLysS (Novagen) transformed with HaUsp or HaUsp_ΔNTD (containing a 6His tag on the N-terminus). After an overnight incubation at 37°C and 182 rpm, the starter culture was used to inoculate 4 l of TB medium with antibiotics (35 g/ml chloramphenicol and 50 g/ml carbenicillin). The final suspension was divided into 500 ml portions and incubated at 29°C and 182 rpm. When the OD600 reached a value of 0.8-0.9, synthesis of the recombinant proteins was induced by the addition of 0.25 mM isopropyl--Dthiogalactopyranoside (IPTG). After 3 h of incubation and a subsequent 20 min centrifugation at 4500 × g at 4°C, the bacterial cells were collected. Each obtained pellet was washed once with 24 ml of the lysis buffer per 1 l of original culture, resuspended in 15 ml of the lysis buffer and frozen at -80°C. The frozen cells from 1 l of culture were lysed by thawing in a 25°C water bath. As soon as the cells started to thaw, they were supplemented with an appropriate volume of phenylmethylsulfonyl fluoride (PMSF) and -mercaptoethanol to final concentrations of 0.2 mg/ml and 10 mM, respectively. Then, DNase I
and RNase A were added to a final concentration of 10 g/ml of each enzyme, and the lysates were incubated at 4°C until there was a loss of viscosity, i.e., nucleic acids were completely digested. The cell extract was clarified by 45 min of centrifugation at 20000 × g at 4°C. The soluble fraction was collected, supplemented with 0.2 mg/ml PMSF, and then purified using immobilized metal ion affinity chromatography. The cell lysate was incubated for 1 h at 4°C at 4 rpm with 1 ml of Co 2+ -TALON resin (Clontech), which had been previously equilibrated with buffer A. The resin was then loaded onto a disposable column and washed with 20 ml of buffer A. Then, the resin was transferred to a Tricorn 5/50 column (Amersham Biosciences), connected to an ÄKTAexplorer (Amersham Biosciences) system and operated at 0.5 ml/min at room temperature. The column was washed with at least 5 ml of buffer A, and then, the target protein was eluted with a linear gradient of buffer B for 30 min. One-milliliter fractions were collected, combined and concentrated to a total volume of 500 l using an Amicon Ultra- 
SDS-PAGE
Proteins samples were analyzed by SDS-PAGE using 4% polyacrylamide stacking gels and 12%
polyacrylamide resolving gels developed in a Tris/glycine system [27] . An unstained protein molecular marker (Fermentas) was used. After electrophoresis, the proteins were stained with Coomassie Brilliant
Blue R-250 [28] .
Circular dichroism (CD)
Circular dichroism (CD) experiments were performed using a JASCO J-715 CDspectropolarimeter. Measurements were performed at 20°C (controlled with a Peltier-type temperature control system) with a scanning speed of 50 nm/min, data resolution of 1.0 nm and bandwidth of 1.0 nm. A 1.0 nm-path-length cuvette was used for measurements, and HaUsp was used at a concentration of 10 μM. The spectra were collected in a spectral range of 190-260 nm in buffer C. The final spectrum was obtained after averaging three measurements. The measurements were corrected for the contribution of the buffer and converted to molar residual ellipticity units [29] . The secondary structure content was calculated using CDPro spectra deconvolution software developed by Sreerama and Woody with IBasis 4, which is a reference set of 43 proteins. The averages and standard deviations were determined for the results obtained from three algorithms: CONTILL, CDSSTR and SELCON3 [30] .
Hydrogen-deuterium exchange monitored by mass spectrometry (HDX-MS)
Hydrogen-deuterium exchange (HDX) experiments were performed using HDX Manager with on-line digestion and separation using a nanoACQUITY UPLC System with HDX technology coupled to a SYNAPT G2 HDMS instrument (Waters).
Initially, a non- analyzed the same way as the non-deuterated sample, but the C18 column outlet was coupled directly to the ion source of the spectrometer, which, additionally, was run in ion mobility mode. Each experiment was carried out in triplicate.
Two control HDX-MS experiments were performed to account for minimum and maximum exchange of peptides. To obtain minimum exchange, D2O reaction buffer was added to the quenching buffer cooled on ice prior to the addition of protein stock. For maximum exchange, 5 µl of protein stock was mixed with 45 µl of D2O reaction buffer, incubated overnight, and then mixed with quenching buffer and analyzed as described above.
HDX-MS data analysis
Peptides were identified using ProteinLynx Global SERVER software (PLGS, Waters). Peptide coverage map of the peptides generated from the on-line pepsin digestion is presented in the supplementary data (Fig. S4) . The list of identified peptides was analyzed by the DynamX 3.0 program (Waters) with the following acceptance criteria: minimum intensity threshold of 3000 and minimum products per amino acid of 0.3. The isotopic envelopes of the peptides after exchange were analyzed using DynamX 3.0 with manual corrections wherever necessary. Final data containing molecular weights of all samples (Mex) were exported to Excel (Microsoft Office) for calculations. Percent sample deuteration was calculated with a formula that takes into consideration the molecular weights from the minimum (Mex0) and maximum exchange (Mex100) values of a given peptide:
Error bars for percent deuteration D (%) were calculated as standard deviations of three independent experiments. Final graphs were plotted using OriginLab 8.5.
Electrophoretic mobility shift assay (EMSA)
EMSA [31] was performed using the following REs: hsp27_EcRE from the gene coding for the D. melanogaster heat shock protein [32] and HR3_EcRE from the gene coding for the H. armigera HR3
protein [33] . The sequences of the sense strands of the double-stranded oligonucleotides used in this experiment were as follows: hsp27_EcRE, 5'-AGCGACAAGGGTTCAATGCACTTGTCCAATGAA- 
Analytical ultracentrifugation (AUC)
The sedimentation Time-corrected data [32] were analyzed using SEDFIT [33] . The densities and dynamic viscosities of the buffer and partial specific volumes of HaUsp (0.734 ml/g) and HaUsp_ΔNTD (0.723 ml/g) at 20°C were estimated using SEDNTERP [34] . Sedimentation coefficients (s), integrated watercorrected sedimentation coefficients ( ), frictional ratios (f/f0) and molecular weights (MWapp) were calculated using the continuous c(s) distribution model with at least 10 points per 1 S. Maximum entropy regularization with p = 0.68 was applied. The quality of the fits was assessed using RMSD values, residual distributions and residual histograms.
A sedimentation equilibrium AUC (SE-AUC) experiment was conducted for HaUsp (0.14, 0.35, 0.37, 0.72, 1.10 and 1.67 mg/ml) and HaUsp_ΔNTD (0.28, 0.94, 1.14, 1.44, 1.86 and 2.44 mg/ml) using the same 2-channel cells as those used for SV; the sample volume was 170 μl. The experiment was performed at 5400, 10700 and 18000 rpm for HaUsp and at 6300, 10700 and 18000 rpm for
HaUsp_ΔNTD at 8°C. Every 3 h, intensity scans at 280 nm and 250 nm for the reference and sample sectors were collected in step mode at a 0.001-cm resolution. Ten replicates were accumulated for each scan. Equilibration of the samples was judged using SEDFIT. The data were processed using GUSSI [35] and fitted to a monomer-dimer equilibrium model using SEDPHAT [33] .
Size-exclusion chromatography with multi-angle light scattering (SEC-MALS)
SEC-MALS analysis was performed using a high-performance liquid chromatography ( 
Small-angle X-ray scattering (SAXS)
Full-length HaUsp and HaUsp_ΔNTD protein samples at concentrations of 1-8 mg/ml in buffer C were measured using a Xeuss 2.0 laboratory SAXS/WAXS system (Xenocs, Sassenage, France) equipped with MetalJet microfocus X-ray source (Excillum AB, Kista, Sweden) with a liquid gallium alloy target (X-ray λ = 0.134 nm) and a PILATUS3 R 1M hybrid photon counting detector (Dectris AG, Baden-Daettwil, Switzerland). Protein samples were measured in a low-noise cell, and for each sample, 12 or 18 frames, 10 min each, were collected. Data measured from 0.012 Å -1 to 0.58 Å -1 were processed and checked for radiation damage using FOXTROT [34] . The radius of gyration (Rg) was calculated in Primus using the formula:
and the data range was limited by a sRg<1.3 criterion [35] . The pair-distance distribution function (P(r))
and maximum diameter of the particle (Dmax) were calculated in GNOM using the indirect Fouriertransform method [36] . Molecular weight (MW) was estimated by using bovine serum albumin (BSA)
as a reference protein of known molecular weight in solution (MWBSA) and the formula:
where I(0)sample and I(0)BSA are extrapolated intensities at a scattering angle of zero, obtained in Primus, for the measured sample and BSA, respectively.
Low-resolution modeling
Low-resolution modeling was conducted in DAMMIN [37] , in which a simulated annealing Monte Carlo algorithm is used to create low-resolution models of proteins by starting from random assemblies of "dummy" atoms. Ten individual models obtained in DAMMIN were subsequently averaged and filtered in DAMAVER to obtain the final model [38] . In the modeling, two-fold symmetry was implemented, assuming dimeric states of the HaUsp and HaUsp_ΔNTD proteins.
Ensemble Optimization Method (EOM) modeling was conducted using models of the LBD (amino acids 169-424) and DBD (amino acids 69-141) of HaUsp created in the I-TASSER server [39] , and the rest of the protein was represented as beads corresponding to individual residues [40, 41] . For modeling of the dimers of full-length HaUsp and HaUsp_ΔNTD, the LBD domains were superposed on the crystal structure of the LBD domains of D. melanogaster Usp (PDB ID: 1HG4). Trimeric, tetrameric and pentameric assemblies of HaUsp variants were constructed using the SymmDock server [42] . An initial random pool of 10000 models was generated in RanCh (version 2.1) [43] . For the dimer-oligomer equilibrium scenario, the starting pool was created by mixing the individual pools for the dimer and the different oligomeric states (trimer, tetramer or pentamer) of HaUsp. Half of the models were
asymmetric, and the other half exhibited two-fold, three-fold, four-fold or five-fold symmetry. Final ensembles were selected from the starting pool using a genetic algorithm implemented in GAJOE (version 2.1) [43] .
In silico analysis
The Uversky plot and VL-XT analysis were conducted using PONDR at http://pondr.com [44, 45] . Protein backbone dynamics were predicted with DynaMine at http://dynamine.ibsquare.be [46, 47] .
MetaDisorder at http://iimcb.genesilico.pl/metadisorder [48] The resulting model was assessed according to a confidence score (C-score). The best model possessed C = -2.20. The top10 threading templates used by I-TASSER were as follows: 3dzyA, 4nqaA, 4nqaA, 4nqa, 4nqa, 3dzyA, 4nqa, 1g2nA, 3dzyA and 4iqrA. After performing the structure assembly simulation, 
Results
In silico analysis
The NTDs of NRs often do not possess stable tertiary structures and only residual secondary structures. Hence, these NTDs can be classified as IDRs [10, 16, 17, 55] . In fact, disordered conformations provide many functional advantages; therefore, IDRs are often identified as fragments involved in a variety of signaling pathways. IDRs of proteins can be targets for posttranslational modifications such as phosphorylation [56] . The dynamic and flexible nature of disordered polypeptide chains allows diverse interactions with multiple partners, which may be important for molecular assembly processes, ensuring proper complex formation [56] . Recent findings also indicate that IDRs are important for the regulation of protein degradation [56, 57] . Furthermore, during alternative splicing, different isoforms of a protein, often with variable IDR length, can be generated, which provides an additional level of functional control for a given protein [58] . Romero et. al [59] showed that regions of
pre-mRNA lost in the alternative splicing are often intrinsically disordered and they presence in the protein products is associated with functional and regulatory diversity. Considering the multifunctionality of IDRs, it is important to investigate how an intrinsically disordered protein fragment can perform many functions and participate in many signaling pathways while constantly bearing a single amino acid sequence.
In the case of Usp NTD, the structure-function relationship in the context of the whole protein is not known. Thus, the main purpose of this work was to investigate the molecular properties of this domain and the potential influence of this domain on the molecular properties, and in turn the functions, of the remaining Usp domains, which possess well-defined, stable tertiary structure, such as the DBD [60, 61] and LBD [7, 8] . Prior to in vitro analyses, we decided to analyze the structural organization of the NTD in silico in the context of the full-length HaUsp. Great emphasis was placed on identifying intrinsically disordered regions in HaUsp. The CDD [52] indicated that the HaUsp DBD and LBD cover amino acid residues from positions 59 to 135 and 155 to 387, respectively, so the NTD of this protein is formed by the amino acid residues fragment from positions 1 to 58 (data not shown). Previous research has indicated that the N-terminal fragment of the Usp from A. aegypti is disordered [17] . To accurately delineate the IDRs in HaUsp, the PONDR VL-XT [62] algorithm was used. As seen in Fig. 1A , the highest propensity for ordered structure was observed for fragments with amino acid residues 60-100
and 190-380, defined by CDD as DBD and LBD, respectively. In contrast, a fragment including the amino acid residues at positions 1-60 and the hinge located between the predicted DBD and LBD showed high propensity for disorder. The results obtained using the PONDR VL-XT algorithm were also confirmed by the DynaMine algorithm, which is designed for the prediction of protein backbone dynamics [46] . Obtained values close to 1 indicate stable conformations (ordered state), whereas values close to 0 correspond to highly dynamic conformations (disordered state) [47] . As shown in Fig. 1B , DynaMine identified the N-terminal fragment of HaUsp as being highly flexible and hence disordered.
The calculated percentage of the disordered region (S 2 value lower than 0.69) was 24.8%. Supporting disorder predictions were conducted using MetaDisorder [48] and obtained results for MetaDisorderMD2, IUPred and DisProt (VSL2) (Fig. S1 ) were in good agreement with previous predictions. Finally, a charge-hydropathy plot was used to classify HaUsp as an ordered or disordered protein (Fig. 1C) . This tool discriminates between order and disorder by plotting the net charge against the hydropathy [63] . The obtained results localized the full-length HaUsp in a group of ordered proteins;
however, the relative proximity to the boundary can indicate that there also exist some disordered regions in this protein. Furthermore, HaUsp_ΔNTD exhibited an increased mean hydropathic value.
Finally, when the sequence of only NTD was analyzed, the mean hydropathy value obtained was 0.3712, and on the plot, this domain is localized in the region occupied strictly by fully disordered proteins.
Taken together, the results of the in silico analyses indicated that fragments predicted by CDD as DBD and LBD are characterized with ordered structure propensities. The NTD and the hinge region located between the DBD and LBD are predicted to be intrinsically disordered. Furthermore, when HaUsp
amino acid sequence was analyzed with ANCHOR [49] it predicted one disordered binding region in the NTD (Fig. S2 ) which may be relevant for HaUsp functionality. The in silico analyses showed that the structural organization of HaUsp, which is characterized by mixed, partially disordered nature, is typical for NRs. The putative IDR-like characteristics of the NTD of HaUsp may be important for the activity of this protein.
CD analysis of HaUsp
CD spectroscopy is a rapid technique often used for determination of the secondary structures typical for ordered secondary structures [29, 65] . This result was consistent with the results of the bioinformatic analyses presented above, which indicated that HaUsp is characterized by a high percentage of ordered structure. To estimate the types of secondary structures in HaUsp, the CDPro software package was used with the CONTINLL, CDSSTR and SELCON3 algorithms [30] . The obtained and averaged results are presented in Table 2 . Deconvolution of the spectrum revealed that the most common type of secondary structure is α-helix, which constitutes 45.8 ± 1.7% of the secondary structure of the polypeptide chain. It has been demonstrated that the DBDs and LBDs of NRs are helical, especially LBDs, which can have up to 12 α helices [5] . Therefore, the obtained result may be an indication that these domains are well folded in the obtained HaUsp.  Sheets are relatively less abundant in the secondary structure, with values of 9.8 ± 1.3%. Most likely,  sheets are primarily present in the LBD, which is known to contain a common  turn [5] . Most importantly, deconvolution of the CD spectrum also revealed a significant percentage of disordered structure, with a value of nearly 25%. The obtained value is similar to the disordered content calculated by DynaMine (24.8%) analysis. Both of these results, together with the previous in silico predictions, suggest that the NTD may significantly impact these values, which strongly suggests a disordered nature for HaUsp NTD. Table 2 . Estimation of the HaUsp secondary structure content from the CD spectrum. The secondary structure content was calculated using the CDPro package with IBasis 4, which is a reference set of 43 proteins. The means ± standard deviations were calculated for results obtained from three algorithms: CONTINLL, CDSSTR and SELCON3 [30] . (Fig. 3B) . The results showed that the highest rate of exchange, approximately 80%, was observed for the peptides covering the NTD, which is consistent with the results of the bioinformatic analyses, indicating that this region is disordered. Notably, the algorithm of the I-TASSER tool also predicted this protein fragment to be extended and lacking secondary structure (Fig. 3B) . In addition to the NTD, a high rate of isotopic exchange was also observed in the C-terminal fragment (F region) and in some short fragments of the LBD, which are likely highly exposed. The lowest exchange rates were observed for peptides originating from the DBD and LBD. The limited exchange rate of amide hydrogens in those two domains indicated that the hydrogens are engaged in the formation of hydrogen bonds stabilizing the secondary structure and are also deeply buried inside the folded structure. The putative structure of these two domains is presented in the I-TASSER-derived structural model (Fig. 3B ).
All the above results were consistent with the previous in silico analyses and the deconvolution analyses of the CD spectrum. However, the HDX-MS experiments allowed us to experimentally confirm that the NTD of HaUsp is intrinsically disordered.
Influence of the NTD on the interaction with DNA investigated by EMSA
NRs regulate gene expression by binding to specific DNA sequences called REs [68] . At present, not much is known about whether and how intrinsically disordered fragments of invertebrate NRs, including NTDs, influence NR-DNA interactions. Given that the NTD of HaUsp is most likely fully disordered, we decided to investigate whether the presence of this N-terminal IDR is important for the interaction of HaUsp with specific REs. For this purpose, the interaction of full-length HaUsp and
HaUsp_NTD with DNA probes was investigated using EMSA [31] . Two different [ 32 P]-labeled probes were used, each of which contained an ecdysone-response element (EcRE). One of these probes carried the sequence of hsp27_EcRE [32] and the second carried the sequence of HR3_EcRE [33] . For each
EcRE, three different concentrations of HaUsp and HaUsp_ΔNTD were used, and the full-length D.
melanogaster Usp (DmUsp), the interaction of which with hsp27_EcRE has been described previously [26] , was used as a positive control.
As shown in Fig. 4 , all three recombinant proteins were functional as these proteins interacted with specific EcREs. Furthermore, at higher protein concentrations, a stronger signal corresponding to the protein-DNA complex was observed along with depletion of the free probe signal, most likely caused by the interactions with the proteins. This result indicated the presence of concentration-dependent interactions. For the positive control, i.e., DmUsp interacting with hsp27_EcRE, two defined bands, corresponding to monomeric and dimeric protein-DNA complexes, could be observed (Fig. 4, lane 15) , as described previously [26] . A similar result was obtained for HaUsp_NTD. In this case, formation of two different protein-DNA complexes was also observed, for both hsp27_EcRE (Fig. 4, lanes 5, 6, 7) and HR3_EcRE (Fig. 4, lanes 12, 13, 14) , although the proportion of the complex with greater mobility was larger (compare lanes 6 and 13 with lane 15). The presence of NTD in HaUsp resulted in a change in the interaction pattern with specific DNA sequences. In particular, for HR3_EcRE, significant reduction in the intensity of the main band, which was characterized by high mobility, was observed together with the absence of the sharp band, characterized by low mobility (Fig. 4, lanes 9, 10, 11 ). On the other hand, for hsp27_EcRE, no band or very weak bands were observed, corresponding to a stable protein-DNA complexes under the experimental conditions (Fig. 4, lanes 2, 3, 4) . The simplest explanation for these differences is the low affinity of full-length HaUsp to specific DNA sequences.
However, comparison of free probe signals corresponding to HaUsp and HaUsp_NTD suggests that both of these signals were titrated to a greater extent in HaUsp than in HaUsp_NTD. This observation was particularly evident for the HR3_EcRE probe (compare lanes 10 and 11 with 13 and 14, respectively). This result may suggest that complexes formed by full-length HaUsp are less stable in the conditions used for EMSA. Nonetheless, it is clear that the intrinsically disordered NTD, composed of 58 residues, significantly influences the DNA-binding properties of HaUsp.
Hydrodynamic properties of HaUsp and HaUsp_ΔNTD
Homo-or heterodimerization of NRs is necessary for the function of these proteins as transcription factors. Our EMSA showed that, in its active form, HaUsp forms various protein-DNA complexes. Here, we utilized AUC to determine the hydrodynamic properties of full-length HaUsp and
HaUsp lacking NTD and to test whether the presence of the intrinsically disordered NTD may influence the oligomerization propensity of the protein. SV experiments were carried out to determine the shaperelated parameters of HaUsp and HaUsp_ΔNTD. The results obtained showed an increase in the s values in a concentration-dependent manner for both forms of the protein (Table 3 , Fig. 5 ). For full-length HaUsp, at each concentration, more than one peak was observed. At the lowest analyzed concentration (0.15 mg/ml), in the c(s) distribution, the main peak (96.4%) was characterized with an s value of 3.08 (Table 3 , indicated by the light gray background) indicated that weak, reversible dimerization also occurs in the case of HaUsp_ΔNTD, (Fig. 5B) . However, no peak corresponding strictly to the dimeric form was observed, which indicated that deletion of NTD decreases the tendency for dimerization and/or stability of homodimers.
An SE experiment was performed to determine the stability of the oligomers of HaUsp and HaUsp_ΔNTD (Fig. 6 ). The best fits for both forms of the protein were obtained for a monomer-dimer This observation is also consistent with the results obtained in the SV experiment. It can be concluded that the intrinsically disordered NTD influences the dimerization of HaUsp, stabilizing the oligomeric form. [73] . HaUsp and HaUsp_NTD were analyzed at different concentrations to validate the occurrence of concentration-dependent dimerization (Table 5 ). For HaUsp_NTD, only one peak was observed, whereas the chromatograms for HaUsp contained some additional minor peaks at smaller elution volumes (Fig. 7.) , indicating the presence of higher oligomers. Moreover, when the sample concentration was increased, the main peak was observed to shift to lower elution volumes. The MW calculated for 0.1 mg/ml HaUsp_ΔNTD was close to the theoretical value obtained for the monomer (MWseq = 42347 Da), and this value increased to 63.4 kDa for the highest measured concentration (5.0 mg/ml). This value was almost 1.5 times higher than the MWseq, which may be because the observed peak corresponds to a mixture of monomers and dimers in the sample. The AUC experiment indicated that the self-association/dissociation of HaUsp_ΔNTD is fast; here we see that this process is too fast to obtain separate fractions of monomers and dimers. For full-length HaUsp, at 0.1 mg/ml, one main peak with a MW of 47.93 kDa was observed, which is close to the theoretical value obtained for the monomers (MWseq = 48342 Da). Similar to HaUsp_ΔNTD, at 5.0 mg/ml, the determined MW of the fraction from the main peak was 1.5 times higher than the theoretical value obtained for the monomer. However, in contrast to HaUsp_ΔNTD, for full-length HaUsp, some peaks of higher MW values were also detected, and starting from 1.0 mg/ml, the value of these peaks were close to the MW of the theoretical dimer (MWseq = 96684 Da) (Fig. 7 , Table 5 ).
The above results indicated that both proteins have propensity for rapid reversible self-association, which is reflected in the observed shift of the main peak with increasing concentration and in the absence of two defined peaks corresponding to monomer and dimer [70] . However, for fulllength HaUsp, additional peaks have been identified, and the MW values of these peaks have been determined. Starting from 1.0 mg/ml, the MW values calculated for these additional peaks corresponded to the theoretical MW of the dimer, which indicated that the intrinsically disordered NTD is indispensable for effective dimerization of HaUsp. The NTD likely facilitates this process or stabilizes the formed dimers of HaUsp. 
Scorpion-like dimeric structure can stabilize the HaUsp dimer
The above results showed that the intrinsically disordered NTD is an important determinant of the molecular properties of HaUsp and that deletion of the NTD changes the manner of interaction of HaUsp with specific DNA sequences and the ability of HaUsp to dimerize. To gain further insight into the molecular basis of these observations, we decided to carry out SAXS analyses of the full-length
HaUsp and HaUsp_NTD and then used the obtained data for structure modeling. Representative scattering curves are presented in Fig. 8A as a Kratky plot. Compared to the typical bell-shaped curves exhibited by globular proteins, for HaUsp and HaUsp_ΔNTD, we observed plots that are characteristic for partially disordered proteins [74] , which confirms the results of the in silico analysis and the CD and HDX-MS data presented above. As the first step of the SAXS analysis, the basic structural parameters -radius of gyration (Rg) and maximum intramolecular distance (Dmax) -were calculated ( Table 6 ). The
calculated Rg values for full-length HaUsp and for HaUsp_ΔNTD increased with increasing concentrations of analyzed proteins ( Fig. 8B and 8C) . Likewise, when Dmax was calculated, higher values were observed for higher protein concentrations (Table 6 ). The pair-distribution function (P(r)), which reflects the frequencies of the distances (r) within a protein molecule, was calculated for both forms of functions for every analyzed concentration of HaUsp and HaUsp_ΔNTD are presented in Fig. 8D and 8E, respectively. The obtained asymmetrical profiles of the P(r) functions indicated that both proteins have elongated shapes [75] . For each concentration, the MW was calculated by comparing the scattering intensity extrapolated to the zero angle (I(0)) with the I(0) of BSA [76] . The results showed that the calculated MW value of HaUsp_ΔNTD at the lowest concentration (1.0 mg/ml) was between the theoretical values obtained for a monomer (MWseq = 42347 Da) and a dimer (MWseq = 84695 Da) (Table   6 ), and the value increased to the theoretical value obtained for a dimer at 8.0 mg/ml. However, for
HaUsp, the MW calculated at 1.0 mg/ml was close to the theoretical value obtained for a dimer (MWseq = 96684 Da), and with increasing concentration, this value increased further. These results suggested that when the lowest concentration of HaUsp_ΔNTD was measured, there was probably a mixture of monomers and dimers in the sample, while in the sample of HaUsp, dimers were more abundant than monomers.
Next, ab initio low-resolution models of both proteins were created using the DAMMIN program [37] , assuming dimeric states (Fig. 9) . Data from the 8.0 mg/ml samples were used, and the models obtained and visualized with the Chimera program [77] exhibited good fits with the experimental data (not shown), and in both cases, the models were characterized by elongated shapes, suggesting the formation of dimers with LBDs in the center. This observation was consistent with the P(r) functions, which also indicated elongated shapes of both forms of HaUsp. To gain deeper insight into the structures of the formed oligomers, more reliable models of HaUsp and HaUsp_ΔNTD were developed. The dimer of the LBD was generated from residues 169-424 of the I-TASSER model, and subsequently, the two LBDs were superposed over the structure of the D. melanogaster LBD (PDB ID: 1HG4). The DBD was prepared from residues 69-141 of the same I-TASSER model. Next, these atomic models were used for modeling HaUsp and HaUsp_ΔNTD structures using EOM. The components of the proteins chains that were not represented by the selected atomic models were represented as dummy-atom residues [40, 43] .
A population of ten thousand independent models was generated using the RanCh program [43] in the ATSAS package [35] . Half the population of models was generated without defined local symmetry (p1), and the other half possessed local p2 symmetry. Subsequently, these models were used as a starting pool in the GAJOE program (version 2.1) [43] in the ATSAS package; this program selects a pool of models that best fit the experimental data. As experimental data, the results from the 8.0 mg/ml samples were used for HaUsp_ΔNTD, and those from the 4.0 mg/ml sample were used for HaUsp, because at these concentrations, we obtained good fits to the experimental data -χ 2 = 0.965 for HaUsp and χ 2 =
1.213 for HaUsp_ΔNTD. Interestingly, for 8.0 mg/ml HaUsp, a good fit could be obtained only when the pool containing a mixture of dimers and higher conformers was used. The best results were obtained with pools of dimers and trimers, dimers and tetramers or dimers and pentamers (Fig. S6, Fig. S7 and Fig. S8, respectively) . Therefore, the oligomeric state formed at the highest concentration cannot be clearly identified. Nonetheless, these results clearly indicate that in contrast to HaUsp_NTD, which
appears to form dimeric complexes at most, full-length HaUsp has a tendency to form higher-order oligomers as well. The fits of the best profiles determined by EOM modeling of the SAXS data are presented in Fig. 10A (HaUsp) and 10B (HaUsp_ΔNTD). The histograms of the Rg values, characterizing the initial pools of models and selected frequencies of models after minimization, are presented in Fig. 10C (HaUsp) and 10D (HaUsp_ΔNTD). As a result of EOM modeling, we obtained depictions of the types of conformations potentially adopted by the HaUsp and HaUsp_ΔNTD dimers, which are shown in Fig. 11A and 11B . The obtained results showed that the NTD, which is intrinsically disordered and therefore pliable and without stable structure, is spaced from the core of the HaUsp dimer and adopts different conformations that are equally acceptable in terms of their proportion in the total population. However, surprisingly, the model that had the highest contribution to the final pool (44.44%) (supplementary data) was a model in which intrinsically disordered NTDs bend towards the respective LBDs, forming a structure that resembles the bended tail of a scorpion (scorpion-like structure). In the case of HaUsp_NTD, the model that had the highest contribution to the final pool (42.57%) (supplementary data) was similar to the most frequent model of HaUsp; however, this model lacked the bended NTD. This proximity of the NTD and LBD in the scorpion-like structure may result in the interaction of these domains, which may lead to the rearrangement of the LBD, manifesting itself in the ability of the full-length HaUsp to form dimers with increased stability. Presumably, in the scorpionlike structure, some changes also occur in the DBD, which in turn affects the interaction of the protein with specific DNA sequences. 
Discussion
The NR family consists of transcription factors that play crucial regulatory roles in the transcription process and signaling pathways. NRs are important for proper development, growth, procreation, cell differentiation, proliferation, apoptosis, homeostasis and many other cellular processes [78] . The molecular structures of NRs are highly preserved and include two globular domains: DBD and LBD. In addition to these domains, NRs also contain fragments that do not possess well-preserved
structures, such as NTD and the hinge located between DBD and LBD [9] . The NTD and hinge are the most variable fragments of NRs in terms of length and composition of the polypeptide chain as well as three-dimensional structure. Often, flexible disordered NTDs determine the functional identity of different isoforms of the same protein [16] and can modulate the functions of the highly conserved DBDs and LBDs [13] . In fact, disordered regions are more frequently present on proteins termini than in the center of polypeptide chains and it has been postulated that disordered proteins termini evolved to preform significant and specific functions [79] . However, knowledge of the molecular properties of invertebrate NTDs and how these NTDs are associated with NR function remains limited and comes from only a few studies [16, 17, 55] .
In this study, we asked whether intrinsically disordered NTDs may influence the molecular properties of the remaining domains of a representative member of invertebrate NRs. As a model invertebrate NR, we consider HaUsp, and the role of the NTD was examined for two well-known and easily testable NR functions: interactions with specific DNA sequences and dimerization. To determine whether HaUsp NTD is intrinsically disordered and to eventually determine the extent of this disorder,
we performed a number of in silico analyses. The results suggested that the NTD was characterized by a high tendency for disorder and high flexibility of the backbone. Furthermore, when the NTD alone was applied to the charge-hydropathy plot, it was clearly localized in the disordered protein compartment, while HaUsp and HaUsp_NTD were localized in the ordered protein compartment. The results of the in silico analyses were subsequently confirmed with CD spectroscopy, and even though the obtained CD spectrum had a shape that was typical for ordered proteins, deconvolution of this spectrum indicated that the protein contained almost 25% disordered regions. HDX-MS analysis showed that the NTD had the highest tendency for rapid hydrogen exchange, and the lowest rate of deuteration was observed in the peptides corresponding to the DBD and LBD. These data indicate that these two domains are globular and have poorly accessible exchangeable amide hydrogens, while the NTD is disordered and has accessible hydrogens. These results demonstrated that HaUsp has a typical NR molecular structure, with a relatively long intrinsically disordered NTD. Therefore, HaUsp is a good model protein for further molecular analyses of the putative effect of NTDs on NR conformation and function.
The EMSA performed revealed that the intrinsically disordered NTD, consisting of 58 residues, significantly influences the DNA-binding properties of HaUsp. Our results suggested that the presence of the NTD decreases the stability of oligomers and significantly affects the pattern of protein-DNA interaction, as evidenced by the lower intensity of the bands obtained for full-length HaUsp than those obtained for HaUsp_NTD using the same DNA probe. Surprisingly, DmUsp, which contains an NTD, is characterized by a similar interaction pattern as that observed for HaUsp lacking the NTD. This observation clearly suggests that the NTD of DmUsp plays a different structural role than the NTD of the homologous HaUsp. This result is consistent with the idea that intrinsically disordered NTDs are structural elements that determine the specificity of cognate NRs. We investigated two different DNA
sequences; the first sequence was hsp27_EcRE from D. melanogaster, which has already been shown to bind to Usp proteins from other organisms [26] . The second EcRE was HR3_EcRE, which has been shown to bind to H. armigera Usp [33] . For both sequences, at higher protein concentrations, bands, characterized with less mobility, corresponding to potential dimers, could be observed. This result is similar to the results obtained for D. melanogaster Usp, for which it has been shown that increasing concentrations of the protein favor dimer formation on hsp27_EcRE [26] . However, in this study, bands corresponding to the dimer were weak, and in the case of HaUsp, these bands were often not observed.
This result could be due to differences in the hinge region, since this region is known to influence DNAbinding [80, 81] , and BLAST analysis [82] of the HaUsp (19 residues) and DmUsp hinge regions (58 residues) revealed no matches. However, even though HaUsp and HaUsp_NTD have the same hinge, some significant differences in their interactions with DNA were observed. We suggest that the NTD of
HaUsp can either suppress protein-DNA interaction in the absence of additional cofactors or can induce the formation of many different, unstable complexes by full-length HaUsp; these complexes are often higher oligomers, which yield barely visible bands.
Two independent techniques, AUC and SEC-MALS, were used to determine whether the intrinsically disordered NTD is important for the dimerization process, which is known to be dependent on globular LBD. Both methods provided similar results, indicating that HaUsp can undergo reversible self-association, either as the full-length protein or without the NTD. SEC-MALS provided chromatograms that exhibited significant elution peak shifts to smaller elution volumes with increasing concentrations, which is a hallmark of reversible self-association [70] . SV-AUC-SV, used as an analogous method, also indicated evidence of self-association [69] . However, both techniques also provided results that suggest a significant influence of the intrinsically disordered NTD on dimer stabilization, as evidenced by the presence of additional peaks corresponding to such oligomers.
Furthermore, when we examined both forms with SE-AUC, we were able to determine the Kd value of the dimerization process, which was 31.7 μM for full-length HaUsp and 46.4 µM for HaUsp_ΔNTD.
The obtained values clearly indicated that the NTD is crucial for stabilization of the full-length HaUsp dimer since deletion of this domain resulted in decreased affinity.
SAXS, which is a technique that allows the determination of biophysical parameters and overall structures of molecules in solution, confirmed the previous observations. SAXS analysis confirmed the role of the intrinsically disordered NTD in dimer formation. Furthermore, the obtained data allowed the generation of models that provide a molecular explanation for previous observations. Consistent with these models, formation of a scorpion-like structure in the case of full-length HaUsp may explain the stabilization of the dimers. Therefore, these models can be considered to be good representatives of the whole population of molecules in the solution. Second, as presented in Fig. 11 , the most frequent models of each protein were similar, differing only in the presence of the NTD in full-length HaUsp, which creates a loop that bends toward the LBD, forming a scorpion-like structure of each subunit. Based on these results, we suggest that NTD stabilizes the dimers by interacting with specific fragments of the LBD, leading to conformational changes in this domain, which may in turn increase the exposed surface area for interactions between the two LBDs. An additional observation that indicates that the NTD clearly interacts with the LBD is that activation function 1 (AF-1) is located in the NTD and AF-2 is located in the LBD, and AF-1 and AF-2 have already been suggested to interact with each other [84, 85] .
Considering the observed differences in the interactions of HaUsp and HaUsp_NTD with HREs, we hypothesize that the formation of more stable dimers in solution by HaUsp can apparently affect the protein-DNA interaction pattern. It is possible that a coactivator or another compound is necessary to weaken the interaction between the NTD and LBD to allow the formation of defined protein-DNA complexes. In the case of HaUsp_NTD, there is no NTD present, so other compounds are not necessary for the formation of such complexes.
In summary, in this paper, we present complex studies of HaUsp, with an emphasis on the NTD, examining the potential influence of the disordered nature of this domain on the molecular properties, and hence the functions, of the remaining domains of the NR. As revealed by in silico analysis, CD spectroscopy and HDX, HaUsp may be a good model of NRs for studies of structure-function relationships. Our results clearly demonstrate that the intrinsically disordered NTD is an important structural element that strongly affects interactions of HaUsp with specific HREs and affects the dimerization of HaUsp. We were able to study the structure of HaUsp in solution and construct reliable structural models of HaUsp dimers based on SAXS data. All the obtained results allowed us to conclude that full-length HaUsp has a tendency to form more stable dimers in solution, which can be a result of the formation of scorpion-like structures. We hypothesize that the function of disordered NTDs is to stabilize HaUsp dimers via the scorpion-like structure, and this can also influence the interaction of the protein with DNA. This function may be crucial for more rigorous regulation of the main function of NRs, which is the regulation of transcriptional processes. Further studies should focus on determination of the association and dissociation rate constants since we suggested that there is rapid reversible self-
Additionally, it is necessary to investigate the characteristics of the interaction between the NTD and LBD and map the amino acid residues that may interact with each other. Full-length HaUsp is represented by a red circle; HaUsp_ΔNTD is represented with a blue diamond;
and NTD alone is represented with a green square. (B) 3D model of HaUsp. The structure was generated using the I-TASSER web-based tool [39] and the sequence of recombinant HaUsp (including a 6His tag). Subsequently, the results were visualized with 
